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films at the surface of a porous ceramic disc. The novel procedure targets complex communities 23 and captures the dispersed bacteria on a solid medium for growth and detection. The method was 24 first validated by distinguishing motile Pseudomonas putida and Flavobacterium johnsoniae strains 25 from their non-motile mutants. Applying the method to soil and lake water bacterial communities 26 showed that community-scale dispersal declined as conditions became drier. However, for both 27 communities, dispersal was detected even under low hydration conditions (matric potential: -3.1 28 kPa), previously proven too dry for P. putida KT2440 motility. We were then able to specifically 29 recover and characterize the fastest dispersers from the inoculated communities. For both soil and 30 lake samples, 16S rRNA gene amplicon sequencing revealed that the fastest dispersers were 31 substantially less diverse than the total communities. The dispersing fraction of the soil microbial 32 community was dominated by Pseudomonas which increased in abundance at low hydration 33 conditions, while the dispersing fraction of the lake community was dominated by Aeromonas 34 and, under wet conditions (-0.5 kPa), also by Exiguobacterium. The results gained in this study 35 bring us a step closer to assessing the dispersal ability within complex communities under 36 environmentally relevant conditions. Dispersal is traditionally divided into passive (caused e.g. by weather or human activities) and 62 active, also termed motility, which requires metabolic energy (6). Motility is not limited to 63 environments saturated with water, but is also commonly found on or near surfaces in 64 unsaturated environments, such as the thin liquid films between soil particles or on the surface of 65 leaves (7). Bacteria have evolved diverse mechanisms of active dispersal on surfaces including 66 swimming, swarming, twitching, sliding, and gliding, all of which have been mainly described and 67 studied in pure culture settings (8-11) using agar plates or glass slides for capture of motile cells 68 (8, 9, 11, 12) . Hence, it remains unclear how well these methods capture dispersal potential in 69 more natural settings, such as in soils, and how the ability to disperse is distributed within the tree 70 of life and within individual communities. There have been a few efforts to uncover the 71 phylogenetic distribution of flagellar motility (13, 14) and gliding motility (12, 15), but a 72 comprehensive view of how the dispersal abilities vary across and within bacterial phyla is still 73 lacking. 74 75 This gap in our knowledge partly results from the lack of methods for mass assessment of 76 dispersal potential of bacteria in environmental samples. In a community, not all bacteria have 77 equal potential for dispersal; though this is rarely assessed. To assess the dispersal potential of a 78 community one could, in theory, isolate and test all its members but considering that there can be 79 up to 10 9 bacterial cells in a gram of productive soil (16) , this would be practically unfeasible. In 80 addition, by studying strains in isolation, the effects of interaction between strains would be 81 missed. Indeed, most past studies of motility have focused on the motion of single strains (8, 17, (19) or to engage in metabolic cross-feeding (20) . 85 Motile bacteria have been demonstrated to carry non-motile bacteria as cargo (21) and inter 86 kingdom cooperation has been described such as bacterial dispersal with the help of fungi and 87 amoeba (22) (23) (24) (25) (26) . It would seem logical that these complex interactions occur in natural 88 communities but only very few attempts have been made to tackle motile bacteria in 89 environmental samples at the community level (27) (28) (29) (30) (31) . 90 A few studies did address community-level motility in aquatic environments. Grossart substrates. However, to our knowledge, only one study assessed dispersal and identity of 96 dispersing bacteria in a complex natural community under conditions relevant for partially-water-97 saturated habitats (e.g. surface or vadose zone soils, phyllosphere) (28). Using sand microcosms, 98 Wolf et al. revealed that a subset of a soil community consisting mainly of the family 99 Enterobacteriaceae and the genera Undibacterium, Pseudomonas and Massilia were able to 100 expand to a distance of more than 2 cm from the inoculation point within 48 h (28). While this 101 study provided important insights into the identity of dispersers and their expansion rate, they 102 only considered one hydration condition (7.5% moisture w/w, i.e., matric potential in the -20 to -103 50 kPa range based on the particle size (32)). Yet, previous studies have stated that water is one of 104 the primary factors controlling bacterial motility (33). 105 In a non-permanently water saturated habitat such as soil, the ability to disperse is primarily 106 dependent on the thickness of the water film surrounding solid surfaces. The hydration status of 6 soil in the vadose zone is highly variable and can increase or decrease rapidly, e.g. following 108 rainfalls or droughts (7, 18, 33) . At low matric potential, the thinning of the aqueous films between 109 soil particles will lead to habitat fragmentation into separate micro habitats (34), with strong 110 effect on the bacterial dispersal ability. 111 The Porous Surface Model (PSM) is a 2D model system used for studying bacterial motility on the Hence, the aims of the current study were to (i) further develop the PSM for its use to assess 119 bacterial dispersal of natural (untagged) bacterial communities and (ii) apply the method to a soil 120 and a lake community to obtain community-level surface motility profiles under controlled 121 hydration conditions and uncover the diversity of the fastest dispersers. 
Results

125
Developing and validating the novel method with pure cultures. 126 The Porous Surface Model (PSM) has previously been used to monitor bacterial dispersal under 127 controlled hydration conditions (35). The challenge of the current study was to expand the 128 method from being solely usable with fluorescently tagged cultures to evaluate dispersal of a 129 broader range of complex natural communities, tracking the movement from the inoculation point 7 to get an imprint of dispersal on the ceramic disc by pressing agar plates onto the PSM surface 132 (see method overview in the supporting information, Fig. S1 ). This step resembles the agar lift 133 method used for visualization of the bacterial distribution on soil surfaces described in a previous 134 study (36).
136
Initial tests with P. putida KT2440 GFP and full agar plates pressed onto the ceramic disc of the 137 PSM showed a clear discrepancy between the bacterial spatial distribution observed on the 138 ceramic disc with epifluorescence microscopy before pressing and that captured on the agar plate. 139 It was clear that pressing the agar plate onto the surface of the ceramic disc disturbed the 140 bacterial distribution, so that the high density of cells at the inoculation point were often spread 141 over a much larger area. To avoid this error, we developed a series of concentric annular 142 hollowed-out agar plates, which were pressed sequentially, starting from the edge of the ceramic 143 disc and leaving the center undisturbed until a full plate was used to capture the total community 144 that had developed on the PSM disc ( Fig. 1 and S1 ).
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To test the method, we inoculated a mixture of the motile strain P. putida KT2440 GFP and its non-147 flagellated mutant P. putida K2440 dsRed fliMwhich had previously been used for motility studies 148 on the PSM (18, 35). This pure culture experiment demonstrated the ability of the method to 149 clearly contrast the dispersal potential of these strains ( Fig. 1 and Fig. 2 ). The non-motile strain 150 generally stayed near the inoculation point. For the motile strain, the fastest dispersal was seen at 151 -0.5 kPa with 4 out of 6 replicates reaching the edge of the pressed plate furthest from the The lake bacterial community study was mainly included for comparison purposes, as we assumed 178 that this community would have experienced a weaker selection for dispersal ability on dry 179 surfaces, and to demonstrate the versatility of the method. It was based on fewer replicates which 180 limits interpretation, but revealed a similar picture with bacteria reaching the edge of the plate 181 after 48 h for both dry (-3.1 kPa) and wet (-0.5 kPa) conditions though the extent of colonization 182 was less for the dry samples ( Fig. 3 ). Direct comparisons of the soil and lake data should be done 183 with caution because the CFU counts suggested that more cultivable cells were inoculated for the 184 lake than for the soil samples (34 x 10 3 vs 2-8 10 3 CFUs per inoculum, respectively). However, for 185 both soil and lake communities it remains clear that we registered much faster dispersal at both - For each PSM we collected the DNA of the fastest dispersers i.e. that of the colonies of the pressed 207 agar plate the furthest from the point of inoculation that presented growth. As the method did not 208 allow for selective recovery of the cells unable to disperse we compared these 'dispersed' 209 communities to the total community present on the Full Plate and the Reference Plate. trend for decreasing diversity with drier conditions (Fig. 6 B) . The difference in diversity between 235 the dispersed community and that recovered on the Full plate could only be rigorously tested at 236 48 h, due to the significant effect of matric potential at 24 h, but showed that the dispersed soil 237 community had a significantly lower diversity (p=0.001) ( Fig. 6 B) . 238 The lake data also indicated a trend for lower diversity in the dispersed community compared Aeromonas in soil and lake water, respectively, showed that the dispersed communities at 48 h 250 consisted of multiple and diverse amplicon sequence variants (ASVs) ( Fig. S4 , Table S1 and Fig. S5 , 251   Table S2 ). Notably, a search of the literature uncovered that all the type strains with the closest 252 sequence similarity to our ASVs possess the ability for active motility mainly by using flagella, 253 except for one for which motility is unknown (table S1 and S2). Neither for the soil community nor 254 for the lake water community was there a clear separation of ASVs between matric conditions 255 visible in the phylogenetic trees ( Fig. S4 and S5 ). total community, and thus did not disperse from the center of the ceramic disc ( Fig S6) . This 260 supports the general notion of Pseudomonads as efficient dispersers. Furthermore, 9 out of 44 261 ASVs were solely detected in the dispersed community. This is most likely because they were 262 below detection limit in the total community, as strains present in the dispersed community must 263 also be present in the total community. Other evidence of large enrichments in the dispersed 264 community can be found in the heatmap (Fig. 4) , where, in addition to Pseudomonas, 265 Paenibacillus (at matric potential below -3.1) and Bacillus (at -1.2 kPa) also notably increased their 266 abundance in the dispersed community compared to the total community of the Full Plate and the 267 motility restricted Reference Plate. These results illustrate that there can be a large fitness gain associated with dispersal for a motile strain i.e. going from being below detection limit to 269 potentially very high relative abundance far from the inoculation point. By moving ahead of the 270 pack, such strains benefit from decreased competition for nutrients and maximize their growth. We recognize that the results from using this method are biased by cultivation and are only valid 297 for the fraction of bacteria able to grow under the selected growth conditions. However, we did 298 find a high diversity of genera among the cultured community and that the most dominant genera In addition, nutrient supplementation is often necessary to detect dispersal (28) and one of the 304 strengths of this setup is that it does allow for easy isolation of strains of interest as we essentially 305 already have them on agar plates. This has led to a culture collection of soil isolates able to 306 disperse at -0.5 and -3.1 kPa for use in future studies (data not shown). A possible venue to 307 decrease cultivation bias is to optimize the medium. We currently use a medium with a relatively 308 low substrate concentration (25% R2A and R2B) to avoid selection of only fast growing bacteria, 309 but this could be further improved by e.g. using a soil extract medium (42). Results are also likely 310 affected by the extraction methods used to obtain microbial inocula from the environment, 311 because extraction, and especially Nycodenz extraction (43, 44), affects the composition of the 312 inoculum. However, this is not a limit to the method itself. The method would also be applicable 313 when using intact environmental samples (for example, soil aggregates) placed in the center of the ceramic disc. Finally, while there are benefits of using the agar plate sampling method (low 315 detection limit for cultivable bacteria), a possible improvement would be to recover the dispersed 316 community for DNA extraction directly from the surface of the PSM. The recovery rate and 317 detection limit would need to be evaluated carefully. When we applied the method to soil and lake water communities, the results extended previous 321 pure culture studies in confirming that dispersal rates decline as conditions become drier. Under dry conditions Pseudomonas and Aeromonas dominated the dispersed soil and lake 374 communities ( Fig. 4 and 5 ). Many members of these two genera produce biosurfactants which 375 have been shown to facilitate dispersal on surfaces (50-53) such as leaves, an ability which has 376 been hypothesized to increase fitness for Pseudomonas (54, 55). We speculate that biosurfactants 377 also play a role in increasing the connectedness in the liquid film on surfaces. An important factor 378 in our model system is the residual roughness of the ceramic surface, although polished, it can 379 result in the fragmentation of the aqueous habitat as matric potential decreases along with the 380 liquid film thickness, and the topography of the surface, as a result, becomes more apparent. 381 Tecon et al. reports that a rapid decrease in connectedness of the aqueous habitat was found at -382 2.0 to -5.0 kPa which influenced the motility of their tested flagellated bacteria (34). Hence, 18 biosurfactant production could be a strategy to overcome dispersal limitation under dry conditions 384 for the two genera observed in our study. In addition members of the orders Exiguobacterales 385 (Exiguobacterium) and Bacillales (Bacillus and Paenibacillus), which are frequent in the dispersed 386 lake and soil community at wet conditions ( Fig. 4 and 5 ) have also been found to produce 387 biosurfactants giving rise to speculation that the benefit of surfactant production for increased 388 dispersal ability might not only be limited to dry conditions (53) . While we did not look for 389 biosurfactant production in this study, it would be straightforward to screen the obtained isolates 390 for biosurfactant production in the future (56). In theory, not all the strains we observe in our dispersed community have to possess the ability for 412 active motility themselves, they might be non-motile strains hitching a ride with their flagellated 413 or gliding companions (21). The co-dispersal of multiple species unveils a much more complex 414 picture of interactions that could be addressed by future studies employing the current PSM 415 model system. A possible next step could be to test the isolates obtained in this study to establish 416 which are able to autonomously disperse, versus those that rely on others. 417 418 Conclusion: 419 A novel method to study motility at the community level was developed and tested on a soil and a 420 lake microbial community. The results obtained suggest that within the motile fraction of a 421 bacterial community only a minority of the bacteria is able to disperse under relatively low 422 hydration conditions, previously thought too dry for flagellar motility. During dry periods, these 423 highly efficient dispersers will gain a significant advantage with their ability to colonize new 424 habitats ahead of the rest of the community. This highlights the need for increased focus on 425 complex communities, rather than pure culture studies for the prediction of actual dispersal ability 426 on solid surfaces such as soil. The holes were punched in the agar plates with a custom-made tool consisting of a teflon handle, 468 for safe handling during flame sterilization, fitted to brass tubes of varying diameters (length: 12.5 469 cm; diameters: 11.5, 15, 20, 25 mm) ( Fig. S2) . A printed template was placed under the agar plate 470 to help center the holes. All plates were kept for a minimum of 48 h at room temperature before 471 use on the PSM to test for contamination.
473
Proof of concept with motile and non-motile pure cultures. 22 We tested the ability of the method for distinguishing the dispersal patterns of P. Putida To test the applicability of the method for other types of motility, we tested the gliding bacterium 488 Flavobacterium johnsoniae strain CJ1827 (37), and a non-motile mutant F. johnsoniae 2122 ∆gldK 489 (38) on separate PSMs. Bacteria were streaked from CYE agar and grown in overnight cultures at 490 25°C in motility medium (MM) (63) and adjusted by optical density measurements at 600 nm to 491 obtain a cell density of ca. 63000 cells µl -1 , as confirmed by plate counts, before inoculation of 1 µl 492 in the center of the ceramic disc. The PSMs were kept at -0.5 kPa for 48h of incubation at room 493 temperature, using 25% R2B medium in the PSM reservoirs. The 25% R2A pressed plates were 494 kept at 25°C for a 48 h period before growth was recorded. Delft, The Netherlands). 523 Lake water was sampled from the urban lake Sortedamssøen (Copenhagen), in September 2016. 524 Four litre were collected from the surface water approximately 1.5 m from the shore. The water 525 sample was filtrated first through a 2 µm glass fiber prefilter (Merck Millipore; Tullagreen, Ireland) 526 and then through 0.2 µm polycarbonate filters (GVS Filter Technology; Morecambe, United 527 Kingdom) on a filtration manifold (DHI Lab Products; Hørsholm, Denmark). The filters were 528 transferred into a 15 ml falcon tube with 2.5 ml 0.9% NaCl solution and vortexed for 45 seconds. 529 The filters were removed, and the cell density was adjusted by Thoma count to 2 × 10 6 cells µl -1 . 20 530 µl of the suspension was inoculated as 1 µl drops, yielding 34125 CFUs per inoculum based on 531 drop plate counts on R2A plates. Both the lake and soil inoculum were kept at 4°C overnight 532 before inoculation on the ceramic discs. After inoculation, the discs were brought to matric 533 potentials of -0.5 and -3.1 kPa and incubated at room temperature for 24 to 48 hours before 534 sampling. After scoring, for each pressed plate series, the plate with the fastest colonizers (bacteria present 542 the furthest from center) and the Full Plate with the total cultivable community were chosen for amplicon sequencing. In addition to these, for each separate experiment a "Reference Plate" was 544 made, by drop plating 10 µl of the inoculum onto the center of a small 25% R2A plate with 20 g 545 agar l -1 . This was meant as a motility-restricted control for the bacteria cultivable on the medium. 
822
The progressive dispersal of the motile strain P. putida KT2440 GFP was captured by our method, 823 as well as the inability of the non-motile P. putida KT2440 fliM -DsRed to disperse away from 824 center of the ceramic disc. Both motile (green) and non-motile (red) strains were tested at three 825 matric potentials (kPa). For the non-motile, only -0.5 kPa is depicted as the other values were 826 similar, with bacteria solely present at the center. The distances shown are ranges, e.g. colonies 827 have been observed on the agar ring at a distance between 11.5 to 15 mm from center. Numbers 828 of replicate dispersal experiments vary from 2 to 5. 
